Influence of built-in charge on photogeneration and recombination processes in InAs/GaAs quantum dot solar cells S Kondratenko, A Yakovliev, S Iliash et al. The time dependencies of the carrier relaxation in modulation-doped InGaAs-GaAs lowdimensional structures with quantum wires have been studied as functions of temperature and light excitation levels. The photoconductivity (PC) relaxation follows a stretched exponent with decay constant, which depends on the morphology of InGaAs epitaxial layers, presence of deep traps, and energy disorder due to inhomogeneous distribution of size and composition. A hopping model, where electron tunnels between bands of localized states, gives appropriate interpretation for temperature-independent PC decay across the temperature range 150-290 K. At low temperatures (T<150 K), multiple trapping-retrapping via 1D states of InGaAs quantum wires (QWRs), sub-bands of two-dimensional electron gas of modulation-doped n-GaAs spacers, as well as defect states in the GaAs environment are the dominant relaxation mechanism. The PC and photoluminescence transients for samples with different morphologies of the InGaAs nanostructures are compared. The relaxation rates are found to be largely dependent on energy disorder due to inhomogeneous distribution of strain, nanostructure size and composition, and piezoelectric fields in and around nanostructures, which have a strong impact on efficiency of carrier exchange between bands of the InGaAs QWRs, GaAs spacers, or wetting layers; presence of local electric fields; and deep traps.
Introduction
Optical properties and characteristics of charge-carrier transport in quantum-dimensional heterostructures based on semiconductor III-V materials have been widely studied by scientists in recent years [1, 2] . This interest is due to the possibility of introduction of quantum dots (QDs), quantum wires (QWRs), and quantum wells (QWs) to the active region of infrared photodetectors, solar cells, and semiconductor lasers [3, 4] . A good knowledge of the carrier dynamics and recombination kinetics of InGaAs QWRs are of great importance to the design of the novel electronic devices. Recently, a large number of papers have reported on different characterization techniques to investigate the morphology [5] , optical properties [6] , and carrier dynamics [7] of InGaAs QWs, QWRs, and QDs grown on GaAs. Time-resolved photoluminescence with picosecond temporal resolution [8] and DLTS technique [9] were applied to study the carrier dynamics in presence of the quantum confined states, interface, and defect states introduced by sample preparation. In the photoluminescence (PL) or absorption experiments on ensembles of InGaAs QDs, broadened lineshapes are observed due to size and content variations, as well as strain fields in and around self-assembled QDs [10] . Studies of the thermal quenching of PL and carrier dynamics have shown the existence of electronic deep levels around or in InGaAs QDs and their effective carrier exchange with quantum-confined states [11] [12] [13] .
In previous reports [16] [17] [18] , it was shown that InGaAsGaAs systems with QWRs are highly anisotropic when examined for polarized PL, conductivity, and photoconductivity and have a complex band structure due to the coexistence of one-dimensional (1D) and two-dimensional (2D) densities of states. Periodic doping of the GaAs spacer layers further complicates optical and photoelectric properties, charge carrier dynamics, and relaxation in InGaAs-GaAs heterojunctions. For instance, periodically doped structures with QWs exhibit an intensity-dependent adsorption [14] and enhanced carrier lifetime [15] properties due to space-chargeinduced modulation of the conduction and valence bands, which spatially separates electrons and holes, increasing their recombination lifetimes. Despite extensive experimental and theoretical efforts devoted to the charge-carrier relaxation and transport in the InGaAs QDs or QWRs, a few aspects need better understanding. In particular, much less attention has been given to the case in which a two-dimensional electron gas (2DEG) with sub-bands coupled with QWR and/or wetting layer (WL) states are formed at certain dopant concentration and modulation periods in the GaAs spacer layers. Besides the states of different dimensionalities available for transport, the system's conductivity is further complicated due to ionized defects, impurities, or trapped charges in the vicinity of QD inducing local electric fields that can reach a strength of several tens of kV/cm [18] . Their spatial scale and amplitude variations are determined by surface density, dispersion of the size and In content, strain fields, and random spatial distribution of deep traps around the nanostructures. Moreover, each QD is exposed to a different electric field having strongly influenced its electronic structure [19] , carrier relaxation [20] , transport mechanisms, and recombination of photoexcited charge carriers. The impact of structural variation on transport and carrier lifetime has not been clarified for III-V low-dimensional materials including InGaAs/GaAs systems with QWRs.
Although the description of charge transport in thin films containing semiconductor QDs or QWRs is of high importance for device applications and understanding fundamental physics, the photoconductivity properties, as well as carrier relaxation and dynamics, are not yet well understood. This is possibly due to energy disorder, complex electronic spectra of the system, or coexistence of 2D and 1D states. These factors are important for enhanced electrical conductivity, as well as 1D states and defect states that have a significant effect on band bending, trapping, and recombination at the InGaAs/ GaAs interface [21] .
In this work, the time dependencies of the photoconductivity relaxation in the modulation-doped InGaAsGaAs structures with quantum wires are studied as functions of temperature and excitation level. The conclusions, based on the PC data, were supported with low-temperature PL measurements. Particular emphasis is devoted to relaxation peculiarities due to coupling of the confined states of the InGaAs nanowires with electron sub-bands of the 2DEG-based channels in the modulation-doped GaAs spacers. The prominent role of energy disorder on charge-carrier relaxation in our heterostructures is emphasized by the observation of a stretched exponent PC relaxation with sample-and temperature-dependent time constants.
Experimental details
The samples, which contain self-organized InGaAs/GaAs QWRs or corrugated InGaAs wells, are grown on GaAs (311) A semi-insulating substrates by molecular beam epitaxy. Figure 1 illustrates the schematic diagram of the In 0.38 Ga 0.62 As-GaAs solid source. Following the growth of a 0.5 μm GaAs buffer layer at 580°C, the substrate temperature is reduced to 520°C for the deposition of the InGaAs and ntype GaAs barriers. ), and then another 10 nm undoped GaAs. At last, each sample is capped with a final InGaAs QWR layer of equal deposition to the buried QWRs for atomic force microscopy (AFM) study. Samples with 11 and 10 Mls of InGaAs depositions are identified as high-quality quantum wires [16] . Structures with 6 and 8 Mls are referred as quantum well systems.
For lateral PC studies, mesas aligned along the [−233] or [01-1] crystallographic directions are prepared by wet chemical etching with a photosensitive area 0.75 mm wide. Ohmic contacts separated by 6 mm are formed by annealing indium at 420°C. PC spectra are measured between 1.1-1.8 eV with normal-incidence light excitation and a bias voltage of 100 mV. The dark current and photocurrent are measured over the temperature range of 80-290 K using a current amplifier and standard detection of the direct current.
The photocurrent temporal dependencies are recorded on a Siglent 70 MHz-bandwidth digital oscilloscope with preamplifier. Photocurrent measurements are carried out by applying a constant bias voltage of 100 mV to the sample using a voltage source. The samples are excited using an optical pulse generated by a laser diode with emission at 650 nm and a pulse width of ∼60 μs, with rise and decay times of ∼10 ns.
Photoluminescence measurements are carried out over a wide temperature range in order to better understand the effect of dimensionality and morphology on the electrical and optical properties of the InGaAs/GaAs heterostructures. The 532 nm excitation line of a frequency-doubled Nd:YAG laser is focused to a ∼20 μm diameter spot at the sample. The samples are mounted in a variable-temperature (10-300 K) closed-cycle helium cryostat, and the PL signal from the sample is dispersed by a monochromator and detected by a liquid-nitrogen-cooled OMA V: InGaAs photodiode detector array.
Cross-sectional high-resolution transmission electron microscopy (HR-TEM) images are taken with an FEI Titan 80-300 TEM fitted with a CEOS image corrector. HR-TEM images are directly recorded on a Gatan 2 K charge-coupled device camera with Digital Micrograph acquisition software. Shape and surface density of the InGaAs top layer are controlled using AFM with an NT-MDT Ntegra microscope in semi-contact tapping mode using Si cantilevers with a tip apex radius of ∼10 nm. For the 6 Ml InGaAs coverage, the AFM shows only a corrugated InGaAs layer with a thickness of 8±1 Å. The thickness of the InGaAs from 6-9 Ml remains roughly the same. At the same time, the height of QWRs increases approximately linearly between 9 and 11 Ml. The QWRs of the 11 Ml sample have a nearly triangular cross-section with an average height of 39±6 Å and base of 555±52 Å along the [01-1] direction.
Results

Photoluminescence and photocurrent spectroscopy
Photoluminescence and photoconductivity spectra demonstrate that InGaAs/GaAs structures with QWR or QW have a complex electronic spectrum. Figure 2(a) shows the photoluminescence spectra measured at 80 K using ∼4.8 mW cm −2 of excitation power for samples with different InGaAs coverages. This photoluminescence is associated with the e1→hh1 transition between the quantum-confined states of the InGaAs nanostructures. A single PL band is described by the Gaussian curve for each sample [22] :
where hν max is the energy peak position of PL and Δ 1/2 is full width at half maximum (FWHM). Inset to figure 2(a) represents this FWHM as a function of the InGaAs coverage, h. The Δ 1/2 increases from 35 meV for QWs with 6 Ml to 60 meV for QWRs with 11 Ml. Also shown in figure 2(b) is the photocurrent spectra, which was measured with an applied bias of 50 mV along the [−233] direction over a photon energy range of hv=1.1-1.8 eV at 80 K.
Photoconductivity transients
In order to understand the physical process that determines the transport and recombination of non-equilibrium carriers, we investigate photoconductivity transients at different temperatures (80-300 K). Figure 3 shows the photoconductivity rise and decay curves of the InGaAs-GaAs structures with different InGaAs coverages under illumination with light pulse (λ=650 nm) and a width of 0.2 ms at 80 K. The PC measurements were performed applying a bias voltage of 50 mV along the [−233] direction, when the contribution of onedimensional transport channels for the photoexcited carriers due to the QWRs is most noticeable [16] [17] [18] . 0.65 ms for the 6 Ml structures. At the same time, the photoconductivity decay is more prolonged. It can be approximated by a stretched exponential function [23]
where 0<β<1 is the ideality factor, dec t is the decay constant that has the dimension of time, and t 0 is the laser diode turnoff time.
Figure 4(a) shows the decay time constants and ideality factor β derived from the fitting of the PC curves of structures with different thicknesses of deposited InGaAs. Here we see that the samples with InGaAs coverage of h=9-11 Mls have exhibited an order of magnitude smaller values of dec t as compared with structures with 6 and 8 Mls, which are referred to as the corrugated InGaAs layer. Moreover, the rise and decay constants are approximately the same for all samples.
The relaxations of the photoconductivity were found to be dependent on temperature and intensity of excitation. Figure 5 shows the PC temporal dependence of InGaAs-GaAs heterostructures with 11 Ml at different temperatures. The experimental curves are fitted with a stretched exponent (red solid line).
The analysis of the PC decay curves allows us to determine the temperature dependence of T , rs t ( ) T dec t ( ), and T . b ( ) The temperature dependence of β (figure 6(a)) shows a nearly linear increase in temperatures lower than 150 K, and is weakly dependent on the temperature in the range from 150 to 300 K. Figure 7 shows the PC temporal dependence of an InGaAs-GaAs structure with 11 ML of InGaAs. The samples are excited with a 650 nm laser diode with a different pulse duration in the range from Δt=0.02-0.5 ms. The PC curves after excitation were fitted with equation (2) for all pulse lengths. Dependence of parameters dec t and β on duration of excitation, Δt, of InGaAs-GaAs structures with 11 Ml InGaAs at 80 K is presented in the figure 8. This data shows that the decay parameter decreases with duration of the light pulse from 0.02-0.1 ms and remains roughly the same, while the pulse duration is longer than Δt>0.1 ms. The dependence of the ideality factor from pulse duration demonstrates a similar trend with behavior of the decay parameters in the range from 0.02-0.1 ms ( figure 8(b) ). One can see also a weak growth of the ideality factor between 0.1-0.2 ms and almost a constant value of β for longer pulse durations Δt>0.2 ms.
Photoluminescence transients
Figure 9(a) shows the time-resolved photoluminescence (TRPL) traces recorded at excitation by laser pulse λ exc =750 nm with different excitation intensities, I exc . The PL decay profile exhibits a time shift of its intensity maximum, as observed earlier in our experiments for the InAs quantum dots coupled to InGaAs/GaAs quantum well systems [24] . We fit the TRPL traces after termination of excitation, in measured time intervals up to 2000 ps, by a single exponential formula:
where A is the pre-exponential constant and dec t is decay constant. The InGaAs emission is characterized by an initial fast rise time of 80 ps, determined mostly by the setup resolution, and dec t ranging from 568 ps for 2D structures with 6 Мl to τ dec =501 ps for 11 Ml QWRs. In general, the observed dependence of PL decay time on the InGaAs coverages at low excitation intensity, 0.06 W cm −2 , correlated with changes in the PC decay time (see figure 4(a) ). At intensities range from 0.06-966 W cm −2 the decay time, τ dec , grew nonlinearly with excitation power (see figure 9(b) ). The dependence on excitation power follows the formula P P n dec exc exc t  ( ) ( ) with constant n=0.09.
Energy band structure
The calculated potential relief for five-period InGaAs/GaAs heterostructures is presented in figure 10 . The total potential is the sum of the confinement potential of the type-I InGaAs/ GaAs heterostructure and electrostatic potential created by positive charge of ionized donors placed at the middle of the GaAs spacer layers. Electrons from Si impurities populate the ground states of the InGaAs nano-obejcts giving contribution to the periodic depletion region around them. We calculate the electronic structure of InGaAs-GaAs heterostructures taking into account piezoelectric fields. The maximum strain, observed near the interfaces, creates fields of 60 kV cm −1 inside the QWRs, while total fields in the GaAs spacers are found to be of 70 kV cm −1 . Besides quantum confinement of electrons and holes in the InGaAs, there are potential wells for electrons in the GaAs spacer layers due to ionized donors and piezoelectric fields, leading to quantization of electron energy, i.e. formation of the 2DEG. The 2D sub-band energy depends on doping level, period of multilayer structure, strain values, and width of doped area. Due to our calculations, the 2DEG sub-bands slightly depend on the sample ( figure 11(d) ). For instance, the sample with 11 Mls of InGaAs coverage shows activation energies of a 1 e =91 meV, a 2 e =62 meV, and a 3 e =35 meV for the sub-bands with quantum numbers of n=1, 2, and 3, respectively. For example, the ground states of 2DEG of the GaAs spacer layers are found to be close to the position of the ground sub-band of the InGaAs QWRs for the 11 Mls sample. Note that effective exchange by electrons between the figure 2 . Figure 10(a) shows schematically the density of states for 11 Mls, taking into account the presence of deep levels of GaAs defect observed for the InAs/GaAs heterostructures [25] and variation of position for the ground state QWRs due to the both size and In content fluctuation [26] , which leads to broadening of the PL bands (see figure 2(a) ). 
Discussion
Photocurrent spectroscopy reveals several electronic transitions, which indicate non-monotonic dependence of DOS in our samples. The band-to-band absorption in the GaAs is observed above 1.496 eV at 80 K. The decrease of InGaAs thickness from 11 to 6 Ml is detected as a blueshift in PL and PC spectra, and is a result of electron and hole confinement in growth direction mainly, i.e. quantum-size effect in the InGaAs nanostructures. As follows from PC and PL data, transitions between the quantum-confined states of the InGaAs nanostructures give the broadened bands due to variation of sizes, content, and strain fields [27] , [28] . Besides e1→hh1 transitions, the PC signal below the band gap of GaAs is the result of photoexcited electrons in both the WL and defect states of the GaAs [29] . All of our observation-i.e. photoconductivity and photoluminescence relaxation, dependence of the decay time on excitation intensity and temperature, as well as stretched exponential time dependence for photoconductivity relaxation -points to strong impact of dispersion of energy-level position, i.e. energy disorder, on charge carrier transport and recombination kinetics in the modulation doped structures with low-dimensional InGaAs. The main source of energy disorder is inhomogeneous distribution of both the size and content of QWRs or corrugated piezoelectric fields in and around nanostructures. For instance, inhomogeneous broadening of the PL bands is observed for the samples with different InGaAs coverage, h. The FWHM value exhibits growth accompanying the 2D→1D transition from 6 Mls, referred to as quantum-well 2D systems, to 11 Mls QWRs (see inset to figure 2(a)). It is worth noticing that, after formation of QWRs, the PL and PC decay constants decrease in comparison with samples, where the QWRs are not formed.
Let us discuss the dependence on the InGaAs coverage as well as the difference in PL and PC decay time probed with light, which generates the electron and holes in the GaAs spacers mainly. In general, the PL relaxation depends on (i) the recombination probability in the InGaAs; (ii) efficiency of the carrier exchange between states of the QWRs, modulation-doped GaAs spacers, and WLs; and (iii) presence of the recombination centers in the InGaAs environment. The TRPL experiments were performed at 10 K, when thermionic emission and nonradiative recombination through defect states around InGaAs have a minimal effect on carrier lifetime and PL efficiency. Generally, the PL decay time of the InGaAs nanostructures exhibits a weak temperature dependence of the carrier lifetime in the temperature range from 10 to 80 K [8, 30] . Besides, the intensity dependence is also weak (see figure 10(b) ), which is the result of the combined action of the phase-space filling effects and screening of the internal piezoelectric field by free carriers [31] .
The observed behavior has allowed us to compare the PL and PC decay relaxations despite some difference in temperatures and excitation intensities. In our experiments, the PC decay constants are 3-4 orders of magnitude larger than lifetimes derived from the low-temperature TRPL traces. The reason is that some portion of the carriers will remain trapped by slow traps or separated spatially by potential barriers of GaAs spacers after photoexcitation [18, 29] ; they do not contribute the measured TRPL traces. As a result, these carriers have the chance to contribute the PC and then recombine nonradiatively through states of the GaAs spacers, wetting layers, interfaces, and defects.
In contrast to the TRPL measurements, which are slightly sample-dependent, the PC rise and decay time constant exhibits a decrease by an order of magnitude with InGaAs thickness (see figure 4(a) ). This behavior is due to carrier dynamics and recombination in the conductivity channels, which largely depends on efficiency of carrier exchange between bands of the InGaAs QWRs, GaAs spacers, or WLs; presence of local electric fields; and deep traps. For instance, the samples with QWRs (h=9-11 Mls) showed faster PC relaxation due to the one-dimensional transport channel associated with wires. This result is in good agreement with our previous report [16] , where the extrapolated limiting thickness of the InGaAs layer, leading to the formation of the wires, was estimated as 7.5 Ml. In addition, strong coupling between the states of wires and the 2D sub-band of the GaAs spacers make the exchange by electrons more efficient, facilitating their recombination with holes.
In order to further understand the recombination processes, we have simulated the electronic spectra of the InGaAs-GaAs heterostructures with quantum wires and modulation-doped GaAs barriers. As follows from calculations presented in figure 11(b) for the 11 Mls sample, we have dealt with the InGaAs-GaAs heterostructures with quantum wires embedded into modulation-doped GaAs barriers, where the ground 2D sub-band of GaAs spacers are coupled with the ground sub-band in the conduction band of InGaAs QWRs. This makes it possible to exchange by electrons through resonance tunneling involving quasi-bands formed by subsystems of 2D states of GaAs and quantization states of the InGaAs QWRs (or QWs). The width of the ground quasiband of QWRs, which can be estimated using the FWHM values of the PL lines, demonstrates the increase with InGaAs coverage. More channels exist to exchange photoexcited electrons between QWRs and GaAs spacers within the wider band. Consequently, we observe the more efficient recombination through band-to-band transitions in the InGaAs. Moreover, the InGaAs QWRs have a higher density of states per unit volume in comparison with QWs within the considered quasi-band, which also promotes a more efficient electron tunneling between subsystems.
The contribution to the conductivity of states with different dimensionalities has a significant impact on PC decay, which follows a stretched exponent unlike the exponential PL relaxation. Such a law is often observed during studying of photoluminescence and photoconductivity transients in disordered materials, i.e. heterostructures. This is considered as an effect of dispersive transport of the photoexcited charge carriers [32] . Examples include InGaAs-GaAs quantum wells, porous silicon [33] , and carrier relaxation in amorphous solids, such as As 2 Se 3 [34] . Dispersive transport may be originated from energy disorder in the InGaAs/GaAs structures due to variation of both the size and content of QWRs, strain fields, interface roughness, as well as dispersion in the separation distances between nearest-neighbor InGaAs nanostructures. The other source of disorder is the deep states available for trapping of electrons or their recombination, leading to fluctuation of electron number trapped by the both quantized and defect states. Thereby, the photoelectrons with energy are higher than mobility edge move in GaAs surroundings of QWRs or WL, with inhomogeneous, local electric fields having effect on thermalization and recombination processes [35] . Besides centers of electron-hole recombination in the InGaAs, WL, or GaAs due to ShockleyRead-Hall process, there are slow traps with variety of activation energies and emission/capture rates, which exchange electrons only with conduction band and increase their lifetimes [36, 37] . The electrons, whose local environment permits their motion, have the possibility to find themselves localized at some traps until they escape, thus lengthening their contribution to the photocurrent. In this case, bands of deep traps, which are located lower than both the InGaAs QWRs and the 2DEG states of GaAs spacers, may be responsible for multi-exponential or stretched exponential decay of PC with decay constants many orders of magnitude larger than ones which were observed for the PL relaxations. The electrons excited from the localized states to the extended states above the mobility edge have the possibility to be retrapped by the localized states with lower energy, which lengthens the PC decay and causes the observation of β much less than 1. This multiple trapping-retrapping mechanism predicts a linear increase of β with temperature and Arrhenius-like behavior of dec t if relaxation occurred via trapping by exponential distribution of states in the band tail of GaAs [38] . According to this model, growth of b with temperature is caused by enhanced contribution of photoelectrons, which are 'frozen-in' at states below the mobility edge.
Since no more than one relaxation mechanism yields to the stretched exponential decay, a measurement of the photoconductivity transient at different temperatures is necessary to clarify the possible mechanisms which are responsible for carrier relaxation in the InGaAs/GaAs structures. The bandwidth of localized states kT 0 e D = is defined from the line slope of T T T 0 b = ( ) at T<150 K. As follows from calculations, the values of e D decreased slightly from 66 meV for the 6 Ml to 53 meV for the 11 Ml sample ( figure 11 ). An Arrhenius behavior of decay time constant, when
is observed for all studied samples at T<150 K. The results of our calculations are presented in figure 11 . The calculated activation energy, , a e is found to vary from 107 meV for 6 Ml to 78 meV for 11 Ml. As mentioned previously, the linear growth of T b ( ) and Arrhenius behavior of T dec t ( ) are typical for disordered systems, when the multiple trapping-retrapping mechanism dominates [39] .
Determined from the analysis of T , b ( ) dependence at T<150 K, value Δε=60 meV is a rough estimate of the average bandwidth of localized states in the band tail of GaAs surrounding QWRs. Notice that, the smaller the value of b, the wider the trap distribution. In samples with 11 Mls, dispersion factor was slightly higher than structures with quantum wells (see figure 4(b) ) due to greater local inhomogeneities surrounding the quantum wires in comparison with 2D InGaAs systems. At the same time, the activation energy, , a e derived from analyzing an Arrhenius behavior of PC decay time constant, gives the depth of the deep level's band relative to the bottom of the ground sub-band of QWRs (see figure 10(a) ). One can see that with the increasing of InGaAs coverage, this value shows a tendency to decrease. These data are in good agreement with the PL spectra. For instance, the PL lines for samples with 10 and 11 Mls are found to be the most shifted to the low-energy range due to the lowest positions of the ground sub-bands of the InGaAs QWRs (with respect to the bottom of the GaAs conduction band). In this case, the ground sub-band of the InGaAs QWRs is the closest to the GaAs deep levels. The depth of this band gives the value of , a e which was estimated as 70 and 78 meV for 10 and 11 Mls, respectively.
Under increasing temperature (T>150 K), there is enough energy for electrons trapped by localized states to give an alternative contribution to the conductivity due to hops between states of the both 1D and 2D sub-bands and the band of defect states [40] . Hopping between localized states does not provide temperature dependence of the parameters T b ( ) and T dec t ( ) in equation (2) [41], while β depends mainly on spatial distribution of localized states [42] . Such a behavior may occur when the density of localized sates is high and the tunneling probability between neighbor states is significantly larger than the trapping probability [43] .
Further evidence of the strong impact and energy disorder of deep traps on electron-hole recombination is the experimental data of the PC relaxation depending on the excitation level. Observed dependencies on pulse duration can be explained as follows. At low-excitation intensity, when pulse width is small, the photoexcited electrons are thermalized and become trapped by deeper traps below mobility edge. These electrons contribute only slightly to the photoconductivity because of decreasing DOS in the band tail of GaAs, where deeper states have slower emission rates [44] . Moreover, the InGaAs QWRs are surrounded by repulsive potential barriers created by modulated potential relief by n-GaAs layers, piezoelectric fields, and trapped charges (see figure 11(b) ). These barriers effectively prevent the photoelectron capture and increase lifetime for electrons trapped by localized states at low temperatures, while photoexcited holes fill the states of the valence band of QWRs. In order to recombine via states of the QWRs, free electrons, photoexcited in GaAs, should penetrate into the region of InGaAs due to thermal excitation or due to tunneling over the barrier of V , b which is the height of the barrier in comparison with flat-band heterostructure [45] . Note that the value of V b , as well as the number of trapped electrons, strongly depends on size and composition of InGaAs. Taking into account that the electron lifetime increases by the exp V kT b ( ) factor, we suggest that the essential impact on dispersion of the photoelectron capture rates is due to variation of V b for the assembly of InGaAs nano-objects, which strongly influences the recombination processes; it is also responsible for stretched exponential decay of PC.
Thereby, the local electric fields around InGaAs spatially separate the non-equilibrium holes from the electrons and decrease recombination probability. The number of free electrons is close to the minima of the potential relief of the conduction band of n-GaAs increases for increased pulse duration, while the deeper localized states (defect and impurity states) in the GaAs or WL become filled. The excess of free electrons and holes leads to the screening of the local fields and faster electron-hole recombination through the QWR states and the other centers in the GaAs spacers or WL regions. As a result, the recombination rate of the non-equilibrium carriers will increase with excitation intensity and, thus, the value of dec t decreases (see figure 6(b) ). At low intensities, the photoexcited electrons are thermalized and filled the deepest defect states. Therefore, the extended states of the QWRs, GaAs spacers, and 2D wetting layer above mobility edge give the smallest contribution to the photoconductivity. Since they are responsible for dispersive transport, an increase of the ideality factor, , b for the shorter pulse durations was observed.
Conclusions
We present an experimental study and propose a model which describes charge carrier relaxation in modulation-doped InGaAsGaAs low-dimensional structures with quantum wires. The PC relaxation is described well by stretched exponential time dependence. The obtained results show that, depending on morphology of InGaAs layer and temperature range, we have different recombination mechanisms for charge carriers contributing to the photoconductivity. A hopping model, where electrons tunnel between the bands of localized states, gives appropriate interpretation for temperature-independent PC decay across the temperature range 150-290 K. At low temperatures (T<150 K), multiple trapping-retrapping via 1D states of InGaAs QWRs, sub-bands of 2DEG of modulation-doped n-GaAs spacers, as well as defect states in the GaAs environment are the dominant relaxation mechanisms. As follows from energy band calculation supported by PL and PC studies, the sub-bands of the 2DEG and QWRs are coupled, forming a quasi-band and making it possible to resonantly tunnel electrons from one subsystem to another, the probability of which generally determines the relaxation rate.
Analyzing the PC and PL transients for samples with different morphologies of the InGaAs nanostructures, we conclude that the PC decay time depends on carrier dynamics and recombination in the conductivity channels. The relaxation rates largely depend on energy disorder due to inhomogeneous distribution of strain; nanostructure size and content; and piezoelectric fields in and around nanostructures, which have a strong impact on efficiency of carrier exchange between bands of the InGaAs QWRs, GaAs spacers or WLs, presence of local electric fields, and deep traps. This interpretation is consistent with temporal and spectroscopy data where QWR systems exhibit faster PL and PC decay via wider bands responsible for relaxation of the photoexcited carriers as compared with 2D structures.
